The mechanism(s) by which vitamin D 3 regulates female reproduction is minimally understood. We tested the hypothesis that peripubertal vitamin D 3 deficiency disrupts hypothalamicpituitary-ovarian physiology. To test this hypothesis, we used wild-type mice and Cyp27b1 (the rate-limiting enzyme in the synthesis of 1,25-dihydroxyvitamin D 3 ) null mice to study the effect of vitamin D 3 deficiency on puberty and reproductive physiology. At the time of weaning, mice were randomized to a vitamin D 3 -replete or -deficient diet supplemented with calcium. We assessed the age of vaginal opening and first estrus (puberty markers), gonadotropin levels, ovarian histology, ovarian responsiveness to exogenous gonadotropins, and estrous cyclicity. Peripubertal vitamin D 3 deficiency significantly delayed vaginal opening without affecting the number of GnRH-immunopositive neurons or estradiol-negative feedback on gonadotropin levels during diestrus. Young adult females maintained on a vitamin D 3 -deficient diet after puberty had arrested follicular development and prolonged estrous cycles characterized by extended periods of diestrus. Ovaries of vitamin D 3 -deficient Cyp27b1 null mice responded to exogenous gonadotropins and deposited significantly more oocytes into the oviducts than mice maintained on a vitamin D 3 -replete diet. Estrous cycles were restored when vitamin D 3 -deficient Cyp27b1 null young adult females were transferred to a vitamin D 3 -replete diet. This study is the first to demonstrate that peripubertal vitamin D 3 sufficiency is important for an appropriately timed pubertal transition and maintenance of normal female reproductive physiology. These data suggest vitamin D 3 is a key regulator of neuroendocrine and ovarian physiology.
INTRODUCTION
Vitamin D 3 , a secosteroid hormone, and the vitamin D 3 receptor (VDR) have important roles in immune modulation, cellular proliferation, differentiation and survival, and insulin secretion [1] [2] [3] [4] [5] . The two main forms of vitamin D 3 (cholecalciferol) found in the circulation are 25-hydroxyvitamin D 3 [25- (OH)D 3 ; major circulating form] and 1a,25-dihydroxyvitamin D 3 [1, 2 D 3 ; the most active form of vitamin D 3 ]. Vitamin D 3 sufficiency is achieved primarily through dietary intake of fatty fish and eggs and endogenous synthesis of cholecalciferol upon ultraviolet B radiation of 7-dehydrocholesterol in dermal fibroblasts and epidermal keratinocytes [6] . Vitamin D 3 circulates bound to vitamin D-binding protein until it is converted by 25-hydroxylase to 25-(OH)D 3 . Synthesis of 1,25-(OH) 2 D 3 takes place in the kidney and other tissues expressing 1a-hydroxylase [Cyp27b1; the rate-limiting enzyme that converts 25-(OH)D 3 to 1,25-(OH) 2 D 3 ].
The effect of 1,25-(OH) 2 D 3 on target cells is achieved primarily by binding to VDR. VDR is a ligand-activated transcription factor that belongs to the nuclear hormone receptor superfamily. It binds 1,25-(OH) 2 D 3 with an affinity in the range of 1-5 nM, compared to 10-50 times lower affinity for 25-(OH)D 3 [7] [8] [9] [10] . Binding of 1,25-(OH) 2 D 3 to VDR initiates receptor translocation to the nucleus and recruitment and heterodimerization with the 9-cis retinoid receptor (RXR). The liganded VDR/RXR heterodimer forms complexes with steroid receptor coactivators, VDR-interacting protein, and coregulatory proteins before it binds to vitamin D 3 -response elements located in the promoter region of target genes to allow tissue-specific gene transcription regulation [11] . Alternatively, 1,25-(OH) 2 D 3 may also initiate rapid nongenomic responses by binding to membrane-associated rapid response steroid binding receptors (also known as Erp57/ Grp58), mobilizing intracellular calcium stores and activating and modulating second messenger signaling systems such as adenylyl cyclase, protein kinases C and D, mitogen-activated protein kinase, and Raf kinase systems [12] .
Suboptimal vitamin D 3 intake and reduced sun exposure have resulted in near-epidemic levels of vitamin D 3 insufficiency and deficiency [13] [14] [15] . Importantly, populations with the greatest physiological need for vitamin D 3 , pregnant women [15, 16] , neonates [17] , children, and adolescents [17] [18] [19] , are at highest risk for vitamin D 3 deficiency. Recent studies in humans and rodents suggest that vitamin D 3 may be important for normal reproductive physiology [20] [21] [22] [23] [24] [25] [26] , but the mechanisms by which vitamin D 3 deficiency adversely affect female fertility and reproductive physiology are not understood [21, 22, [26] [27] [28] . Cyp27b1 and VDR are found in the gonads, hypothalamus, and pituitary, suggesting that the reproductive axis may be regulated by paracrine and/or autocrine activities of 1,25-(OH) 2 D 3 [29] [30] [31] [32] [33] [34] . Female rats with dietary vitamin D 3 deficiency and hypocalcemia exhibit severely compromised fertility characterized by a 45%-70% reduction in probability of becoming pregnant, a 67%-100% reduction in the number of viable pups, and a 0%-33% probability of rearing normal sized and healthy litters [21, 22] . Vitamin D 3 deficiency-associated hypocalcemia or VDR mutations in male rodents cause subfertility and infertility by impairing spermatogenesis, capacitation, and acrosome reaction [35] [36] [37] . Although hypocalcemia accounts for reproductive dysfunction in males, restoring calcium homeostasis in females does not routinely reverse female reproductive abnormalities [22, 27, 36] .
Phenotypes in female VDR and Cyp27b1 null mice include hypogonadism, arrested ovarian follicular development, and hypoplastic uteri [26, 38, 39] . Uterine responsiveness to exogenous steroids is intact in VDR knockout (KO) mice, suggesting that vitamin D 3 deficiency impairs one or more components of the hypothalamic-pituitary-ovarian axis [38] . Interestingly, vitamin D 3 receptor expression peaks in the hypothalamus during the peripubertal period in male rats, suggesting that central vitamin D 3 signaling may be important for pubertal transition [40] . We used transgenic Cyp27b1 null and wild-type (WT) littermate mice supplemented with calcium to test the hypothesis that vitamin D 3 deficiency acts on the hypothalamic-pituitary-ovarian axis to disrupt the pubertal transition and establishment of normal estrous cyclicity.
MATERIALS AND METHODS

Animals, Housing, and Diet
All experiments were carried out in WT (Cyp27b1
) and Cyp27b1 null (KO; Cyp27b1 À/-) mice generated from a mixed genetic background with contributions from C57BL/6J and BALB/c mice, generously provided by the laboratory of David Goltzman (Department of Medicine, McGill University) [39] . WT (control) and Cyp27b1 null mice were maintained by breeding phenotypically normal heterozygous pairs (Cyp27b1 [41] . The colony was maintained at a controlled temperature (258C) with a 14L:10D schedule (lights on at 0600 h). All procedures followed the National Institutes of Health guide for the care and use of laboratory rodents and were approved by the Institutional Animal Care and Use Committee at Albert Einstein College of Medicine.
Experiment 1: Pubertal Onset and Characterization of Estrous Cycles in WT and Cyp27b1 KO Mice
Pups were weighed weekly from birth through puberty and genotyped before weaning by PCR with DNA extracted from either toe or tail biopsy. All pups were born to dams fed a Vit D 3 þ or Vit D 3 À diet prior to conception, during pregnancy, and until weaning. All mice were weaned on Postnatal Day 21 and randomized to a Vit D 3 þ or Vit D 3 À diet (Fig. 1) . Reproductive phenotypes were assessed according to genotype and diet. All WT littermates born from heterozygous matings were considered controls.
Pubertal transition was assessed by recording the age at vaginal opening and first estrus [42] . First estrus and estrous staging were determined with daily vaginal lavage performed at approximately 1500 h postvaginal opening (Fig.  1) . Estrous stages were defined as proestrus (80%-100% epithelial cells), estrus (100% cornified epithelial cells), diestrus I (;50% cornified epithelial cells and 50% leukocytes), and diestrus II (80%-100% leukocytes) [42] . Estrous cycle length was defined by the number of days required for a mouse to transition from one proestrus event to the next. To determine whether the effect of vitamin D 3 deficiency on estrous cyclicity was reversible, the Vit D 3 À/calcium gluconate diet of adult Cyp27b1 null females (n ¼ 6) exhibiting irregular estrous cycles was replaced with a Vit D 3 þ diet, and estrous cycle length and percentage of time mice spent in each stage of the estrous cycle per 5 days (the average length of an estrous cycle) were determined for a minimum of 4 additional weeks.
Experiment 2: Ovarian Superovulation
Seven-to to nine-week-old Vit D 3 -sufficient and -deficient mice were superovulated with 0.1 cc i.p. injections of equine chorionic gonadotropin (eCG, 5 IU; Sigma-Aldrich, St. Louis, MO) or with saline at 0900 h, followed by 0.1 cc of human chorionic gonadotropin (hCG; 5 IU; Sigma-Aldrich) or saline 48 h later [43] . Mice superovulated with exogenous gonadotropins were killed 16 h after hCG, oviducts harvested, and oocytes that were deposited into the oviducts were quantified. The number of oocytes present within the oviducts was counted by an individual blinded to diet status and genotype. Ovaries were collected from mice injected with saline, or exogenous gonadotropins were weighed, fixed overnight in 4% paraformaldehyde, dehydrated, and paraffin embedded. Paraffin-embedded ovaries were stored until sectioned and stained with hematoxylin and eosin for gross histologic evaluation.
Experiment 3: Determination of Serum Gonadotropins
Reproduction-aged mice in diestrus were killed by anesthetic overdose and exsanguinated. We assessed gonadotropin levels during diestrus because we wanted to use intact mice, and as intact Vit D 3 -exposed mice spend most of their time in diestrus, we used diestrus WT control mice for comparison. Blood was stored at 48C overnight, and serum was separated with centrifugation (7000 3 g for 15 min at 78C) the next day. Serum follicle-stimulating hormone (FSH) and luteinizing hormone (LH) levels were determined in duplicate using Milliplex Map rat pituitary panel (Millipore, Billerica, MA) [44] . The lower limit of detection was 4.9 pg/ml and 47.7 pg/ml for LH and FSH, respectively. Intra-assay coefficients of variation were 13.46% and 4.25% for LH and FSH, respectively.
FIG. 1. Timeline of experimental events. All experiments were carried out with mice born from heterozygote matings in which the dams received a Vit D 3 þ or Vit D 3 À diet. WT and Cyp27b1 null mice female pups were weaned at 21 days and randomized to either a Vit D 3 þ or a Vit D 3 À diet supplemented with calcium gluconate. WT (þ/þ) mice that received a Vit D 3 þ diet throughout gestation, lactation, and weaning served as controls. All mice were inspected daily for vaginal opening. After vaginal opening, vaginal lavage was performed daily at 1500 h for a minimum of 7 wk, and estrous cycle length and estrous stage frequency were determined with vaginal smears.
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Experiment 4: Expression of VDR by GT1-7 Neurons GT1-7 cells (immortalized GnRH neurons, generously provide by Dr. Pamela Mellon) and mouse kidney tissue were probed for VDR expression by Western blotting. GT1-7 cells were cultured as described by Chu et al. [45] . One hundred micrograms of protein from GT1-7 cells (40 ll) and 40 lg of kidney (40 ll) tissue lysates were loaded onto 8% polyacrylamide gels and subjected to electrophoresis. Proteins were transferred to nitrocellulose membranes for immunoblotting with VDR rat monoclonal antibody (1:150 dilution; product code sc124548; Santa Cruz Biotechnology, Santa Cruz, CA). Immunoblots were probed with anti-VDR overnight at 48C in tris-buffered saline with 5% milk, washed, and stripped. Protein bands were detected after 2 h of incubation with peroxidase donkey secondary antibody (1:5000 dilution) and visualized with enhanced chemiluminescent reagent (Jackson Immunoresearch Laboratories, West Grove, PA). Kidney lysate served as the positive control. Kidney and GT1-7 lysates without primary VDR antibody served as the negative controls.
Experiment 5: GnRH Neuron Immunohistochemistry and Quantification GnRH Neurons
Animals were perfused with 4% paraformaldehyde in phosphate buffer (pH 6.8) between 1200 and 1400 h. Brains were postfixed in 4% paraformaldehyde overnight at 48C and then placed in 30% sucrose until they sank. Six sets of coronal sections (30 lm) starting at the level of the organum vasculosum of lamina terminalis (Bregma þ0.62 mm) and continuing through the preoptic area (POA; Bregma À0.10 mm) were collected from each animal, with each set containing every sixth section. Sections were stored in cryoprotectant at À208C until processed for immunolabeling [46, 47] .
As previously described [48] , cryoprotectant was removed by rinsing hypothalamic sections with potassium phosphate buffered saline (KPBS; 0.05 M, pH 7.4). Endogenous peroxidase activity was blocked with a 10-min incubation in 3% H 2 O 2 . Sections were subsequently incubated in KPBS plus 0.04% Triton-X 100 (KPBS-Tx) and 1% bovine serum albumin (BSA) for 1 h at room temperature before incubation in rabbit-anti GnRH antiserum in KPBSTx and 1% BSA (1:5000 dilution; LR-5, a generous gift from Dr. R. Benoit, McGill University, Montreal, Canada) for 24 h at 48C. Sections were next incubated in biotinylated anti-rabbit immunoglobulin G (IgG; 1:600 dilution; Vector Laboratories, Burlingame, CA) in KPBS-Tx for 1 h at room temperature, rinsed, and incubated for 1 h in avidin-biotin complex (Elite ABC kit; Vector Laboratories). After sections were rinsed in KPBS and Tris (0.05 M, pH 7.2; Sigma-Aldrich), they were stained with a mixture of H 2 O 2 and diaminobenzidine-HCl in Tris for 10 min to yield a brown staining in cytoplasm. Sections were mounted onto Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA) after a final rinse in Tris and KPBS. After drying overnight, sections were dehydrated with ascending alcohol concentrations, cleared with xylene, and cover slips were added. To assess antibody specificity, we treated a set of tissue sections identically except primary antibody was eliminated.
To quantify GnRH-immunoreactive (ir) neurons, five sections of POA in the 1-in-6 series were viewed under a microscope (Zeiss Axioversion; Carl Zeiss, Thornwood, NY) [48] . Hypothalamic sections reviewed corresponded to plates 25-32 of the Paxinos and Watson mouse atlas [49] . GnRH-ir cells were counted when the cell body was clearly identified and if they had brown cytoplasmic staining. The average number of GnRH neurons counted in each of the five sections is reported (n ¼ 3 mice per group) for WT mice on a Vit D 3 þ diet and Cyp27b1 null mice exposed to a peripubertal Vit D 3 À diet. A Student t-test was used to determine statistical differences between GnRH neuron counts.
PCR
PCR with Southern blot analysis was performed using the primers and conditions previously described [39] . PCR assays were carried out using the MyCycler thermal cycler (Bio-Rad, Hercules, CA) and AccuPrime TaqDNA polymerase High Fidelity (Invitrogen, Carlsbad, CA) in a final volume of 25 ll. Thirty cycles were used to amplify samples with denaturation at 948C for 1 min; annealing at 588C for 1 min; and extension at 728C for 1 min. Primer sequence for 1a-hydroxylase sense was 5 0 -AGACTGCACTCCACTCTGAG-3 0 , and 5 0 -GTTTCCTACACGGATGTCTC-3 0 for antisense; and 5 0 -ACAA CAGACAATCGGCTGCTC-3 0 for neomycin sense and 5 0 -CCATGGGT CACGACGAGATC-3 0 for antisense (Integrated DNA Technologies, Coralville, IA). PCR products were electrophoresed in 1.5% agarose gels and stained with ethidium bromide solution for 45 min, and bands were visualized under ultraviolet light.
Statistical Analysis
All data were analyzed using Prism software (GraphPad software Inc., La Jolla, CA). Repeated measures ANOVA was used to determine the effect of diet and genotype on growth. Two-way ANOVA (diet 3 genotype) was used to determine the effect of diet on vaginal opening, first estrus, and percentage of time spent in the different stages of the estrous cycle. One-way ANOVA was used to determine the effect of diet on the number of oocytes collected after superovulation with exogenous gonadotropins. Bonferroni post hoc analyses were used throughout to determine individual group differences following significant main effects or effect interactions. A Wilcoxon matched t-test was used to determine the effect of vitamin D 3 replacement on estrous cycle length and frequency of estrous cycle stage. A Student t-test was used to assess the effect of diet on the number of GnRH neurons. All data are means 6 SEM. A P value ,0.05 was considered significantly different.
RESULTS
Experiment 1: Vitamin D 3 Deficiency Delays Puberty and Reversibly Disrupts the Estrous Cycle
To determine whether vitamin D 3 deficiency affected pubertal transition, we assessed the age at vaginal opening and first estrus in WT and Cyp27b1 null female offspring born from heterozygous matings, with dams maintained on either Vit D 3 þ or Vit D 3 À diet throughout pregnancy and lactation and then randomly weaned onto a Vit (Fig. 2) . Compared to WT control females (maintained on Vit D 3 þ diet throughout pregnancy, lactation, and puberty), delayed vaginal opening (27.5 6 0.5 vs. 34.8 6 1.5 days; F ¼ 20.85; P , 0.0001) and delayed first estrus (34 6 0.8 vs. 39 6 2.8 days; F ¼ 5.2; P ¼ 0.005) were observed in females born to dams maintained on a Vit D 3 À diet throughout pregnancy and lactation and then weaned onto a Vit D 3 À diet (Fig. 2, A and  B) . In contrast, neither vaginal opening nor first estrus was significantly delayed in female mice (n ¼ 10) born from dams maintained on a Vit D 3 À diet in utero and during lactation but then weaned onto a Vit D 3 þ diet (Fig. 2, A and B) . Cyp27b1 null females (n ¼ 10) born to dams maintained on a Vit D 3 þ diet and then weaned onto a Vit D 3 À diet had significantly delayed vaginal opening (27.5 6 0.5 vs. 34.4 6 0.4; F ¼ 20.85; P , 0.0001) and first estrus (34.5 6 0.8 vs. 40.2 6 1.2; F ¼ 5.2; P ¼ 0.005) compared to those of WT females (Fig. 2,  A and B) . Vitamin D 3 deficiency did not affect the time between first estrus and vaginal opening for any group (Fig.  2C) , suggesting that delayed vaginal opening caused the delayed first estrus.
Multiple confounding environmental factors can affect puberty. Genetic background commonly alters the timing of puberty [50] . To determine whether deletion of the Cyp27b1 gene caused a delay in puberty independent of vitamin D 3 status, we assessed the timing of puberty in Cyp27b1 null mice maintained on a Vit D 3 þ diet throughout gestation and lactation and then weaned onto a Vit D 3 þ diet. There were no differences between the onset of puberty in WT and that in Cyp27b1 null mice born from dams exposed to Vit D 3 þ during pregnancy and lactation and then weaned onto a Vit D 3 þ diet (n ¼ 8-15) (Fig. 3, A-C) . These data suggest that the delayed puberty was the result of Vit D 3 deficiency and not an unanticipated effect of the deletion of the Cyp27b1 gene. Under-and overnutrition are also reported to delay and advance the pubertal transition, respectively [51] . To determine if the reproductive phenotype of mice exposed to peripubertal vitamin D 3 deficiency reflected poor growth, we compared the body mass indexes of mice weaned onto a Vit D 3 þ or Vit D 3 À diet. There were no significant differences in postnatal and peripubertal growth curves across diet treatment (n ¼ 8-15) (Fig. 3D) . Moreover, regardless of diet, the weight of 4-wk-old mice, an age at which puberty in most Vit D 3 þ but not Vit D3À After completion of the pubertal transition, Vit D 3 þ females typically exhibited 5-day estrous cycles. To determine whether Vit D 3 deficiency effects were sustained beyond puberty, estrous cycle length, and the amount of time spent in the various stages of estrous, we used daily vaginal smears to monitor estrous cycle length and the percentage of time spent in each stage of estrous over a 5-day interval (n ¼ 8-15). The main effect of diet (F ¼ 7.94; P ¼ 0.009 vs. Vit D 3 þ diet) on estrous cycle length when Cyp27b1 null and WT mice were sustained on a Vit D 3 À diet was Vit D 3 -deficient females exhibited prolonged estrous cycles (Fig. 4A ) characterized by extended periods of diestrus (F ¼ 52.3, P , 0.001 vs. Vit D 3 þ diet) (Fig. 4B) . Cyp27b1 null and WT mice maintained on a Vit D 3 À diet also spent significantly fewer days in proestrus (F ¼ 23.07, P , 0.0001 vs. Vit D 3 þ diet) (Fig. 4C) and estrus (F ¼ 10.7 P ¼ 0.002 vs. Vit D 3 þ diet) (Fig. 4D) . WT and Cyp27b1 null mice exposed to a Vit D 3 þ diet throughout gestation, lactation, and postweaning had equivalent estrous cycle lengths and spent similar amounts of time in each estrous stage (Fig. 4, A-D) .
To determine whether the effect of Vit D 3 deficiency on estrous cycle was reversible, we replaced the Vit D 3 À diet with a Vit D 3 þ diet in a subgroup of Cyp27b1 null mice (n ¼ 6) (Fig. 5) . After approximately 3 to 4 wk of a Vit D 3 þ diet, irregularly cycling Cyp27b1 null mice began to exhibit regular estrous cycle length (11.3 6 2.1 vs. 5.4 6 0.2; t ¼ 1.97, P ¼ 0.06) and patterns of estrous cycle staging. Cyp27b1 null mice transferred to a Vit D 3 þ diet also began to spend less time in diestrus II (t ¼ 2.83, P ¼ 0.03) and more time in estrus (t ¼ 3.37, P ¼ 0.019) and proestrus (t ¼ 4.23, P ¼ 0.008) (Fig. 5 ).
Experiment 2: Prepubertal Vitamin D 3 Deficiency Does Not Adversely Affect Ovarian Responsiveness to Superovulation with Exogenous Gonadotropins
Studies in VDR null female mice suggest that vitamin D 3 deficiency induces gonadotropin-resistant atrophic ovaries [28, 38] . To determine whether abnormal estrous cyclicity in Vit D 3 -deficient Cyp27b1 null mice resulted from ovarian insufficiency or reduced ovarian responsiveness to gonadotropins, we superovulated 7-to 9-wk-old WT and Cyp27b1 null mice weaned onto and maintained on a Vit D 3 þ or Vit D 3 À diet with exogenous gonadotropins or saline on diestrus (n ¼ 4-6). Ovaries of saline-treated WT mice and Cyp27b1 null mice on a Vit D 3 þ diet exhibited follicular heterogeneity and multiple corpora lutea (Fig. 6A , ovaries of Cyp27b1 null mice fed Vit D 3 þ diets not shown). In contrast, Cyp27b1 null mice on a Vit D 3 À diet had few or no corpora lutea (CL) and exhibited arrested folliculogenesis, with most follicles in the preantral stage (Fig. 6B) . Regardless of diet, superovulation with exogenous gonadotropins supported follicular development and ovulation in all mice (Fig. 6E) . Interestingly, superovulated vitamin D 3 -deficient Cyp27b1 null mice deposited significantly more oocytes in the oviducts than the WT or Cyp27b1 null mice exposed to Vit D 3 þ diet throughout life (F ¼ 6.4, P ¼ 0.01).
Experiment 3: Prepubertal Vitamin D 3 Deficiency Does Not Affect Diestrus Gonadotropin Levels
Studies in VDR KO female mice suggest that vitamin D 3 deficiency induces hypergonadotropic hypogonadism [28] . To determine whether Vit D 3 deficiency effects were sustained beyond the pubertal transition affected endogenous gonadotropin levels in Cyp27b1 null mice, we killed 9-to 11-wk-old female mice in diestrus and measured serum FSH and LH levels (Fig. 7, A and B) . Diet did not affect FSH (F ¼ 3.3, P . 0.05) or LH (F ¼ 1.2, P . 0.05) levels in diestrus WT or Cyp27b1 null mice (n ¼ 4-12).
Experiment 4: VDR Is Present in GT1-7 Neurons
Our data suggest that prepubertal Vit D 3 deficiency, in part, disrupts hypothalamic-pituitary function. Cyp27b1 and VDR are highly expressed in the hypothalamus [29, 30] , and hypothalamic VDR expression is 17-fold increased from birth to Postnatal Day 60 in male rats [30] . To determine whether ) mice fed a Vit D 3 þ diet throughout pregnancy (in utero) and lactation (perinatal period) and peripubertal transition and in Cyp27b1 null female mice subjected to a Vit D 3 À diet in utero and perinatal period and peripubertal transition, or in utero and perinatal period, or only during the peripubertal transition. B) Age at first estrus in WT mice fed a Dþ diet in utero and perinatal period and peripubertal transition and in Cyp27b1 null female mice subjected to DÀ diet in utero and perinatal period and peripubertal transition or in utero and perinatal period, or only during the peripubertal transition. C) Number of days between VO and first estrus in WT mice fed a Dþ diet in utero and perinatal period and peripubertal transition and in Cyp27b1 null female mice subjected to DÀ diet in utero and perinatal period and peripubertal transition, or in utero and perinatal period, or only during the peripubertal transition (n ¼ 8-15); 
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GnRH neurons express VDR, we analyzed Western blots by using antibodies against VDR on lysates of immortalized GnRH neurons (GT1-7 cells) and found that GT1-7 neurons express VDR (Fig. 7C ).
Experiment 5: Postweaning Vitamin D 3 Deficiency Does Not Affect the Number of Immunoreactive GnRH Neurons Found in the Hypothalamus
To determine if the reproductive phenotype observed with peripubertal Vit D 3 deficiency reflected a reduced quantity of GnRH-ir neurons [52] , we quantified the average number of GnRH-ir neurons in five 30-lm-thick hypothalamic sections (between the level of the organum vasculosum of lamina terminalis through the medial POA) collected from WT mice maintained on a Vit D 3 þ diet and Cyp27b1 null mice exposed to peripubertal Vit D 3 À. Peripubertal Vit D 3 deficiency did not significantly affect the number of hypothalamic GnRH neurons found in young adult females (Fig. 7, D and E) .
DISCUSSION
The present study demonstrates that peripubertal vitamin D 3 deficiency delays puberty and causes prolonged estrous cycles characterized by extended periods of diestrus and reduced frequency of proestrus and estrus. These phenotypes are observed in the absence of obesity or delayed weight gain. Moreover, estrous cycles can be normalized in young adults by correcting the Vit D 3 deficiency. In addition, the ovaries of Vit D 3 -deficient Cyp27b1 null mice respond robustly to exogenous gonadotropins. These findings suggest the delayed pubertal transition in Vit D 3 -deficient Cyp27b1 null mice does not result from primary ovarian insufficiency or primary ovarian or pituitary failure. Vitamin D 3 -deficient Cyp27b1 null mice also have equivalent levels of LH and FSH during diestrus as those in Vit D 3 -sufficient mice, suggesting that estrogen-negative feedback may be intact. However, additional experiments that confirm these data and assess progesterone and prolactin levels, other known modifiers of gonadotropin secretion, are needed. To our knowledge, we also provide the first evidence showing that GT1-7 neurons, immortalized GnRH neurons, express VDR. Together, these data suggest peripubertal Vit D 3 
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deficiency delays pubertal transition and disrupts estrous cyclicity by disrupting hypothalamic-pituitary axis physiology.
Peripubertal Vitamin D 3 Deficiency Delays Puberty
The largest growing populations with vitamin D 3 deficiency are peripubertal children and reproduction-aged adult females [14, 18, 53, 54] . We demonstrated that the effect of vitamin D 3 deficiency on puberty, delayed vaginal opening and first estrus, was restricted to the peripubertal period. When mice were deficient in vitamin D 3 in utero, during lactation, and prior to weaning, pubertal timing was normal. These finding suggest that the vitamin D 3 -sensitive physiological events critical to the pubertal transition occur peripubertally. Puberty depends upon coordinated interactions among all components of the hypothalamic-pituitary-gonadal axis. The onset of puberty is driven by nongonadal events characterized by dynamic changes in glial-neuron interactions [55, 56] and trans-synaptic changes in afferent glutamatergic, kisspeptinergic, and GABAergic input onto GnRH neurons [57] [58] [59] [60] [61] [62] [63] [64] [65] . These changes are hypothesized to induce sustained GnRH peptide release, activation of the pituitary-gonadal axis, an estrogen surge, and vaginal opening. It is possible that peripubertal vitamin D 3 deficiency delays puberty by compromising the trans-synaptic excitatory and/or inhibitory afferent input required for peripubertal activation of GnRH neurons. The mechanism by which vitamin D 3 deficiency might disrupt peripubertal GnRH neuron activation is unclear. Several recent studies suggest that vitamin D 3 regulates expression of L-type voltage-sensitive calcium channels and nerve growth factor release in the brain [66] [67] [68] . It is possible that vitamin D 3 deficiency disrupts L-type voltage-sensitive calcium channel expression systems critical for peripubertal GnRH neuronal activation [69] . More studies are needed in females to determine whether hypothalamic VDR expression changes during the pubertal transition and to determine why the hypothalamic-pituitary axis of peripubertal females is susceptible to the adverse effects of vitamin D 3 . Interestingly, a recent prospective cohort study that assessed the pubertal transition of Columbian girls suggested that vitamin D 3 deficiency is associated with early puberty (11.8 6 0.2 vs. 12.6 6 0.2 years) [70] . Unfortunately this study did not control for other nutritional deficiencies, environmental exposures, hyperparathyroidism, or calcium homeostasis. Moreover, the authors only determined vitamin D 3 levels at one time point. Consequently, it is unclear how long the girls were vitamin D 3 deficient or what their levels were at the time of the pubertal transition. Thus, it is difficult to compare our findings to that observational study.
Whereas the initiation of puberty begins with activation of the hypothalamic-pituitary axis, the completion of the pubertal transition and attainment of reproductive competence depend upon functional and gonadotropin-responsive gonads. Within a week of vaginal opening, a second estrogen surge occurs, which is followed by ovulation and first estrus [71] . Vaginal opening and first estrus signify the completion of puberty and the potential to reproduce. Vit D 3 deficiency significantly delayed first estrus. However, regardless of the peripubertal Vit D 3 dietary status, the time between vaginal opening and first estrus was not delayed. These data are consistent with the hypothesis that delayed first estrus results from delayed vaginal opening. Moreover, these data suggest that the delayed puberty observed in Vit D 3 -deficient females may reflect primary neuroendocrine dysfunction rather than primary ovarian event such as ovarian failure or primary ovarian resistance to gonadotropins.
Delayed puberty could reflect an unanticipated effect of total body KO of the Cyp27b1 gene. However, compared to WT mice, the Cyp27b1 null littermates weaned onto a Vit D 3 þ Figure 4 were included for comparison.
a P , 0.03 vs. WT and KO (Dþ) mice; n ¼ 6. E) Representative estrous cycle of Cyp27b1 mouse fed Vit D 3 þ diet throughout gestation and lactation and weaned onto a Vit D 3 À diet. F) Representative estrous cycle of the same Cyp27b1 mouse transferred to a Vit D 3 þ diet for 4 wk. P, proestrus; E, estrus; D1, diestrus 1; D2, diestrus 2. (n ¼ 6).
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diet did not have delayed puberty. Moreover, puberty was delayed in WT females also exposed to peripubertal Vit D 3 deficiency. These data argue against a main effect of Cyp27b1 gene deletion on timing of puberty. Delayed puberty can also be seen in states of malnourishment and/or caloric restriction. To ensure that the reproductive phenotype did not reflect malnourishment, we assessed growth curves of WT and Cyp27b1null mice weaned onto a Vit D 3 þ or Vit D 3 À diet. Neither Cyp27b1 deletion nor peripubertal Vit D 3 deficiency affected postnatal growth curves or weight gain proximal to the time of vaginal opening.
Vitamin D 3 Deficiency Acts on the Neuroendocrine Axis to Disrupt Ovarian Physiology
Young adult Cyp27b1 null mice maintained on a Vit D 3 À diet after puberty had prolonged estrous cycles that were characterized by extended periods of diestrus and fewer episodes of proestrus and estrus. Ovaries collected from these mice exhibited reduced follicular heterogeneity with few to no corpora lutea. Additionally, most ovarian follicles in ovaries of peripubertal Vit D 3 -deficient females were arrested in the preantral stage. The reproductive phenotype of prolonged estrous cycles and arrested follicular development could reflect hypothalamic, pituitary, or ovarian dysfunction. We sought to determine whether abnormal estrous cyclicity reflected a primary ovarian failure or insufficiency, because both VDR and Cyp27b1 are expressed in the ovary [38, 39] . Additionally, studies with VDR null mice suggest that the ovaries are resistant to gonadotropins [28, 38] . We treated WT and Cyp27b1 null mice weaned and maintained on a Vit D 3 þ diet and Cyp27b1 null mice weaned and maintained on a Vit D 3 À diet with doses of equine chorionic gonadotropin (eCG) and hCG, typically used for superovulation. Regardless of dietary vitamin D 3 status, superovulation stimulated ovarian follicular development in all mice. Thus, it is unlikely that Vit D 3 deficiency caused primary ovarian insufficiency, which is associated with reduced numbers of oocytes after superovulation, or primary ovarian gonadotropin resistance, which would be associated with the failure of the mice to respond to exogenous gonadotropins. Instead, vitamin D 3 -deficient Cyp27b1 null mice ovulated significantly more oocytes into the oviducts following superovulation than WT or Cyp27b1 null mice maintained on a Vit D 3 þ diet. It is unlikely that the increased number of oocytes in the peripubertal Vit D 3 À mice reflect multiple ova per follicle because the initial pool of ovarian follicles is established before weaning [72, 73] . These data suggest that arrested ovarian follicular development most likely reflects suboptimal endogenous gonadotropin secretion. Additionally, the paucity of corpora lutea in vitamin D 3 À Cyp27b1 null mice ovaries could reflect abnormal or absent estradiol-positive feedback. Nonetheless, these data do not completely rule out the possibility of reduced ovarian responsiveness to gonadotropin. Studies that assess the dose responsiveness of the ovaries of Vit D 3 -deficient mice to exogenous gonadotropin are needed to investigate this possibility.
The reproductive phenotype of vitamin D 3 -deficient Cyp27b1 null mice is dissimilar to that of the transgenic VDR null female mice, which display hypergonadotropic hypogonadism, reduced ovarian aromatase expression, and gonadotropin-resistant and atrophic ovaries [28, 38] . Differences between the reproductive phenotypes observed in VDR null and Cyp27b1 null mice could result from the deletion of VDR rather than Vit D 3 deficiency. It is well established that binding of 1,25-(OH) 2 D 3 to VDR causes recruitment and heterodimerization with the RXR receptor [11] . Because VDR/ RXR heterodimers regulate the transcription of a number of tissue-specific genes, it is possible that the inability to form VDR/RXR heterodimers may result in phenotypes and pathologies that are independent of those specific to Vit D 3 deficiency [74] . Consistent with this hypothesis, VDR null mice have physical and behavioral abnormalities suggestive of cognitive dysfunction, premature alopecia, and other findings consistent with an early aging phenotype [74] . A premature aging phenotype is not seen in Cyp27b1 null mice or in comparably aged, diet-induced Vit D 3 -deficient rats [23, 39] . Cyp27b1 null mice have functional VDR but lack the ability to convert Vit D 3 to its most metabolically active form. Thus, Cyp27b1 null mice have pathological findings that are more consistent with nutritional Vit D 3 deficiency and therefore are a more suitable model with which to investigate the pathophysiological consequences of diet-induced Vit D 3 deficiency in female reproductive physiology.
Vit D 3 -deficient Cyp27b1 null mice also exhibited irregular estrous cycles. To determine if the effect of postweaning Vit D 3 deficiency on estrous cyclicity was reversible, we monitored daily vaginal smears after replacing the Vit D 3 À diet with a Vit D 3 þ diet. Within 4 wk of introducing a Vit D 3 þ diet, mice with previously prolonged estrous cycles began to exhibit normal estrous cycles lengths and staging patterns. These data suggest that the pathophysiological consequences of peripubertal Vit D 3 deficiency on the estrous cycle are reversible.
Pituitary Gonadotrophs
VDRs are found in the pituitary. Therefore, it is possible that Vit D 3 directly regulates gonadotropin synthesis or release and consequently estrous cyclicity. Consistent with this hypothesis, VDR null mice failed to suppress gonadotropins when estradiol levels were increased, thereby suggesting [49] and the hypothalamic region between the organum vasculosum of lamina terminalis and the medial POA (n ¼ 4).
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abnormalities in estradiol-negative feedback [28] . In contrast to VDR null mice, Vit D 3 -deficient Cyp27b1 null females had gonadotropin levels during diestrus that were as low as those of Vit D 3 -sufficient WT and Cyp27b1 null mice, suggesting estradiol-negative feedback was intact. In contrast, if Vit D 3 deficiency reduced the responsiveness of the hypothalamicpituitary axis to estradiol-negative feedback similar to the effect of VDR KO [28] , then we would have expected hypergonadotropism rather than eugonadotropism. Moreover, because estradiol levels are typically low in diestrus, it is unlikely that the effect of vitamin D 3 deficiency on gonadotropin release was masked or minimized by persistently elevated estradiol. Consistent with this hypothesis, we have preliminary data that demonstrate gonadectomized females exposed to vitamin D 3 deficiency and primed with estradiol and progesterone have equally low levels of gonadotropins (data not shown). Nonetheless, it is still possible that Vit D 3 deficiency alters hypothalamic-pituitary responsiveness to estrogen positive feedback.
GnRH Neurons Express VDRs
Our studies suggest, in part, that peripubertal vitamin D 3 deficiency disrupts hypothalamic-pituitary physiology, resulting in suboptimal exposure to endogenous gonadotropins, arrested follicular development, and estrous cycle irregularities. In situ hybridization studies localize VDR, Cyp27b1, and vitamin D binding protein in the hypothalamus [30, 33, 75] . Additionally, a recent study by Walker et al. [40] reported that VDR mRNA expression increases in the medial preoptic area between the peripubertal period until 60 days of age in male rats. The presence of VDR and Cyp27b1 in the preoptic area of the hypothalamus raises the possibility that Vit D 3 regulates the activity of GnRH neurons or other hypothalamic neurons important for reproduction. We used Western blots of GT1-7 neuron extracts to determine whether immortalized GnRH neurons express VDR and demonstrated the presence VDR protein in GT1-7 neurons. Although there are differences between adult GnRH neurons and GT1-7 neurons [76] , the presence of VDR on immortalized GnRH neurons raises the possibility that vitamin D 3 has direct regulatory effects on GnRH neuronal physiology. Nonetheless, our studies do not rule out the possibility that Vit D 3 may regulate afferent input to GnRH neurons [77] .
GnRH Neuron Density and Peripubertal Vitamin D 3 Deficiency
Reduced numbers of GnRH neurons can adversely affect puberty and adult female reproductive physiology [52] . Additionally, developmental Vit D 3 deficiency is hypothesized to adversely affect neurodevelopment [78] . To assess the possibility that our reproductive phenotype resulted from abnormal development of GnRH neurons, we counted GnRH neurons in hypothalami of females exposed to peripubertal Vit D 3 deficiency and compared them to the numbers in those exposed to Vit D 3 sufficiency. No significant differences were found in the average number of GnRH-ir neurons per hypothalamic section nor in the total number of GnRH neurons located between the organum vasculosum of lamina terminalis and the medial POA of the hypothalamus (data not shown). These data imply that neither the delayed pubertal transition nor the irregular estrous cycling observed in females exposed to peripubertal Vit D 3 deficiency resulted from reduced numbers of GnRH neurons available to drive normal female reproductive physiology [52] . However, we have not ruled out the possibility that peripuberteral Vit D 3 deficiency affects the ability of GnRH neurons to respond appropriately to hormonal cues.
Calcium Dysregulation and Vitamin D 3 Deficiency
Hypocalcemia caused by Vit D 3 deficiency induces male infertility by direct effects on sperm [23, 28, 37] . The role of calcium in Vit D 3 regulation of female reproductive physiology is less clear. A recent study that used Cyp27b1 null mice reported that Vit D 3 -related hypocalcemia caused gonadotropin-resistant ovaries with arrested follicular development and irregular estrous cycles characterized by extended periods of diestrus. These abnormalities were restored by calcium-phosphate supplementation [26] . We documented similar changes in the reproductive phenotype of Cyp27b1 mice weaned onto a Vit D 3 -deficient diet but supplemented with calcium, suggesting that suboptimal calcium homeostasis and/or hypocalcemia does not cause the reproductive abnormalities. The main difference between the present study and that by Sun et al. [26] is that our mice received a diet completely devoid of Vit D 3 but supplemented with calcium. Sun et al. [26] fed mice chow that contained 25-(OH)D 3 and a calcium supplement for several weeks. High serum levels of 25-(OH)D 3 can bind and activate VDR [79, 80] . Thus, it is possible that calcium supplementation on a background of elevated 25-(OH)D 3 in Cyp27b1 null mice [39, 41] afforded normal VDR receptor physiology and rescued the abnormal reproductive phenotype [26] . Consistent with this hypothesis, Lou et al. [79] recently demonstrated that Cyp27b1 null mice but not VDR null mice responded robustly to 25-(OH)D 3 [79] . Our approach of feeding a Vit D 3 -deficient diet eliminated this confounding factor. Moreover, our results are consistent with previous studies demonstrating that calcium supplementation and dietary Vit D 3 but not calcium supplementation alone maintained Vit D 3 -regulated physiology in Cyp27b1 null mice [80] .
In conclusion, this study provides compelling evidence that peripubertal Vit D 3 is critical for the appropriately timed pubertal transition and the establishment of regular estrous cycles. Vit D 3 deficiency occurring after weaning delays the onset of the pubertal transition, arrests ovarian follicular development, reduces ovulatory events, and reversibly disrupts estrous cyclicity. The presence of a eugonadotropic state as well as normal ovarian responsiveness to exogenous gonadotropins in Vit D 3 -deficient Cyp27b1 null mice suggests that vitamin D 3 deficiency does not cause a primary ovarian insufficiency state or frank ovarian failure. We also demonstrated that GnRH neurons express VDR protein, raising the possibility that Vit D 3 directly regulates GnRH neurons. Therefore, we propose that Vit D 3 deficiency most likely impairs female reproductive function by inducing hypothalamic dysfunction, which secondarily affects pituitary and ovarian physiology. Future studies focused on the neuroendocrine axis are necessary to further define the mechanisms by which Vit D 3 influences female reproduction.
